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Based on experime~te o f  daJa Qampbell 

8 figures 

AB ST RAOT 

A tungsten filament glow8 i n  an inert gae obntaining very smell aon- 

centretione o f  oxygen (N2 + 02; 00 4 O O z ) ,  a t  atmoepherio preeewe. Fila- 

ent temperaturea range from 1W t o  3500° X. The following obeervatfons 

are explained on the baeie  of  thersnodynembo equilibria exiating 

faoe o f  the filament and involving the epeaicaa 01$ 02, W1, 

porizsd below 



platinum and rho& with o ~ y g e n  ( 5 ) .  Ira %hi5 oaegB the gaseous onfdse Ir0zj8 

O2 and A M 2  ar also been aade (6) of 

%h e q u i l i b r i  2 OS on inoandesoent oarbon 

The following study which aoncerns the reaution o f  inaandasaent tunge-ken f i l a -  

ment with oxygen - e t  low p a r t i a l  oxygen preseures, but  with SP = 1 Q 

baeed on the premies t h a t  the prooeeeeu under iavee t iga t ion  are l a r g e l y  depend 

thermodynauioe. 
/ .  

’ 2. EXPBRIMGNTAL BASE 

2.1 Prinoiple  o f  the Iodine Lamp 

During the l s e t  10 yeare, iodine lampe (7,8) have gained a o ~ s ~ d e r a b ~  



doee nst p4 in the psooessee ooourrilag at the  incan- 

the t u ~ g s t e ~  ygen system i s  tho only one affecting the ~ i ~ ~ ~ ~ ~ t *  

In an operating lamp, the average temperature o f  the lamp f i l l i n g  may be 8saum 

t o  be 1000° K e  Hence, the oxygen pressure at the above-oited oxygen o o n o ~ n t ~ a ~ ~ Q n 6  

.- 

This worker experimented with a cylindrical lamp ~oonteining a tungaten ooib 

upposted a t  a distance Prom the lamp wall by four tungsten wires, The oondtactive 
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elso aarpied out i n  open incandescent, lamps under oon&- 

The pear-shaped lamp used ( P h i l i p 8  GtLSB 40 w #  220-230 v )  contained a double tun 

@Len coi f  havi an outer diameter of approximately 0.4 ED. The free c o i l  was abOlFtr 7l 
24 mm long and weighed 5.3 mg. 

O2 was passed through the lamp with the temperature o f  the incendeecentfei3.ament be%- 

A stream of  nitrogen. containing 10, 20 and 40 pp 

and 28nQ K. The weight & Q S ~  of  the tungsten co i l ,  Ah,%, wae d e t ~ ~ ~ i n ~ ~  

tun 0 

d m i  



xten  d i d  not use a t ~ ~ s t e n  coil,, bu% an  unaoiled f i l a ~ e n ~  having 8 

l eng th  of 16.8 om and a d i a  te)T o f  OeO3 omr The f i lament  oonnected two niukel %BF- 

minals witihia a oy l ind r ioa l  hor izonta l  g l e se  jaaket 

it was heated by passing through it en e l e a t r i a  cu r ren t  supplied from a e t a b i l i z e d  

(35 om long, 8 am in d i a m e t ~ ~ ) ~  

e The gleee  jacket was f i t t e d  with a glese bridge (tube d i a m ~ t ~ r $  3 c 

tiona of wMoh were oooled o r  heated to oauee oonveotion and, henae, ooaatant move- 

n t  of gas through t h e  reaot ion  ziOn8e The t o t a l  volume o f  gas involved i n  the 

end ti 
a .  



The .Graaagetsn oxides formed on $he %Ileraent deposited on the  glass wall end no 

ok pert in th 

pure tungetent but  was Sound d e  This sur~5geeted the preeences of 8 smell 

xper imenta~  oonditions,  tungeten oarbides a r e  no t  e tab le  a8 a separate pkaeee 

In f a o t ,  the formation of these carbides  has fhue f a r  n o t  been obeerved. 

The weight loas of  tungeten was determined by means of a mioro balaaoe, For 

a ~ i ~ e r m e n t  weighing 235 mg,this lose  ranged from 0.1 t o  10 mg. 

The r eeu l t e  of  four a e r i e s  of measuremeate made a t  ~ f ~ e r e ~ t t i ~ e a  in ebightly 

d i f f e r e n t  apparatus are ahown in Fig. 2. 

2.5 Additional Observations. 

enebb a e imi la r  ev 
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Kl = P(Q1) and K2 f P(02)# the oited equilibrium oonetants (Table 3) indica9;e 

d i r e c t l y  the  preoeures over W a f , +  WO2,p. Thus, preseleoted, higher oxygen prseeures 

~ ~ d ~ ~ d  to equilibrium oblues with formation o f  eolidkbO2: 

arieon of Kb with O1 preeeuree oaloulated for t e ~ e r a t u ~ e e  between 2000" 

and 3m0 M (Figs. 3-6) ehowe that,  i n  the  ooneidered preeeure rangeo the  formaLion 

. .  
0% s o l i d  VQ2 doee not take place, ' However, thie i e  no longer true for lowe 

(af ,  seotion 3.5). 

ncende e for  the  B O i h )  



3200 and 3!jOO" H and fo wide reagee 

K values given i n  Table 3 were used for 'this purpoee. In addit iond the eums sP(Ob) 
* 

P(O1) i e  a meaeure o f  the i n i t i a l  oxygen ~ T ~ B ' B U P B .  In view o f  the observatione 

r* 

ade, the region for  whiohPP(O1) = - lo.;=) atm fle o f  interest, The ~ q l a i I i ~ ~ ~ ~ ~  

p ~ e s s u ~ ~ a  for this region are sham i n  Figs, 3-6. 

easure of  the totab tungeten o o ~ ~ e n ~ ~ a t ~ a ~  i n  the gas  p h s e  and 

- br 



at ion.  i s  very  aomgbicated, (In this egion, ohange in %brmsdynemio veluee would have 

A t  3 O O *  K, W1 predominatesr The ef'feot 0% higher oxidea i o  s l ight .  

4m8 K, %he deter atrtor &a, beeidee WOrp the %ungs.ten eaturation 

) e  The other oxidea Ban be aegleo'ted, zP(W1) = B(W1) + P(l&lg), A a 

low values ofTP(O1), SP(Wl) beaomee the tungeten eaturation preesure. 

2.4 Invereion of' the Direction o f  Tunnoten Transp~rt i n  t h e  Temperature Grad? 

l e n t .  Oonnection with the Qbeervatione o f  Campbell (21. 

From the ieotherme @Age w), the equilibrium pressuroe for amy desired i n i t i a l  

dependonoe are eseentiall for the  tungeten traneport and the comparison with Camp- 

o ~ ~ e ~ a ~ ~ o ~ e ,  For th ie  reaeon, SP(M,) was obtained from Figs, 



he exothermio formation of tfs09p WO and 3 

#02# whereas a t  hkghes temperatureo d e t e ~ ~ i n e ~  by t ~ e n ~ o t h $ ~ m ~ u  formation of 

€llGs"d W1. The temperature dependenoe of the  e q u i l i b r i a  is  shown slao in Table 3. ' 

The m i ~ i ~ u m  means t h a t ,  in e ~ ~ ~ e ~ ~ u ~ e . ~ ~ a d ~ ~ n t  depending on experimental 

condi t ions - tungsten uan ~ ~ t 2 , c e n ~ ~ . ~ b a c ~ 3 a n e p o r t e d  .to regiox of lower temperature but 

s L 
a$o t o  regions o f  higher temperature. Since tungeten always migrates t o  t he  region 

with t h e  lower value oPSP(Wl), it i s  possible t o  select on the curves of Fig, 7 

temp$turea and ind iaa t e  f o r  t h a t  # a r t i c u l a r  ceset2heddS e t l t k m  o r  tunget 

%r8n8pOZ"tr 

The inversion of t h e  t r anspor t  d i reo t ion  in a t e ~ e r a t u r e  &wJimt has p r ~ -  

n reported for other systems (15). . .  

,+ 
optant  for the  d l r eo t iona l  degendeac 



a$moopher%c pres8uree Benos, 1 ppm of oxygen eorresponde to an oxygen preseura of 

msrlaed as Poblow 8 T2> 2800° K)I 

n t  B I  zP(Q1) = ~ - X I Q @ ~  2800°+g0000 K 
2500 -3000 c 1.1~10-4 

D 1 e l x i o  -4 

E l . O X 1 0 " ~  

Ti 2800 c Tz 

2800 - 3000 

These, ~ x ~ e r i m ~ n t a l  reeulte are 8 wn i n  Fig. 7. The experimental .transport df 

t ions are i n  f u l l  agreement with the oaloulated aurves. In other words, "Le therm- 

i o  model adequately deearibee the phenoama Obeewed. 

From this it follow6 that  our oalculatione provide a useful blpaia alee 

ther uonsiderat~ona~ for example, e f t h e  phenomena taking place i n  special incan- 

0 

d he 18 



Tablie 5 ehowe the 'EJ 0 preseuree for ~ q u i l ~ b ~ ~ ~ r n  /12/ mbculated from $he valcaesr 
. 3 9  

-4 ) = 10 atm) are e b w a  as  a funct ion o f  % e m p e r a t ~ r ~  in Fig. 8, 

f% uan be seen om Ffgr 8 t h a t  the tunge%en content of %he gas phase 2P(\fl> 

t %he c i t e d  oxygen oonaentratione ZP(O1) fn the gee a%ream introduoed variee i n  

a cromnplioated manner. With incrrsaeing temperature* the  fo l lowing curve segments 

oan be  dist inguished (Fig. 8): 

1 A eharp increase o f  PB(Wl) over Wlp + WOZlp a8 the e o l i d  phae. 

b)  "W 0 plateauu$ prevalent  binding o f  oxygen 88 W 0 3 9  3 9; 

4 thermio dearease owing t o  e q u i l i b r i a  inwo'lving the prevalent for  

309 as the gaseoue ~ p e e i a ~ ;  

a utual  eompen ation of ~ ~ 0 ~ ~ 6 ~ ~ ~  and 

t Q pro61 

the axfmm obeervcsd by 



B 

Esecending eegment 

poin ts  f o r  2 6 1 0 ~ ~  

poin%s fop ab773O and 2400" %i. f a l l  on plateau b and the 
. *  

2773O end 28j'3e K on t h e  exothermic segment c o  

~ e ~ ~ r i ~ a t ~ o ~  of tungsten By ~ e a ~ u ~ i n g  the change in 

a ~ r ~ n t ~ J / ~ ~  Along eegment a)  no well  defined r e l a t ionsh ip  e x i a t e  betweon t b i e  

change andsP(Wl). 

tunga%etn fn en approximate manner and regard lees  of whether t he  tungsten 3.8 t rane-  

%erred t o  t h e  gaeaoua phase a8 an oxide o r  whether s o l i d  YOz ie deposited, &ncea 

"@agmen~!'an in W i ~ d i ~ l s  experiment,@ must be i nkwpre ted  a s  meenin that R l aye r  of 

The quant i ty  AJ/J r e f l e c t s  a deoroaee in fh0 amount o f  sl.emenPtal 

Q2 prevents further reaction. 

s provides a q u a l i t a t i v e  explenatfoa of t he  experimental curve (Pig, I), 

The quan t , i t a t~ve  aspea$e can be s a r i zed  as f O l l O W E o  The p laus ib le  aeeumption i e  

t the double t ~ ~ s t e n  c o i l  oan be single f i lament  with equi- 

tibrd. 

0% 



periments of  Bsxten. 

Figr 2 shows the amount of tungsten vaporized off an fnoandenceat filament 

K) by %he aation of' O02/UOe 

Knowledge 0% the partial  pressures prevailing a t  the inaandeecent filament per- 

mits the eetimetion o f  oaporiaed tungsten and comparison with experi 

PRESSURES AT THE ~ U ~ E S ~ ~ T  FILAME8T. Since a certain oxygen 

3.8 assooiated with the p ~ ~ ~ ~ o u 8 ~ y  uitsd OOdtlS mixture, the following oab= 
6 



II. gao layer i n  t he  immediate v i c i n i t y  of  he f i lamente Molecialee, 

oan p ~ ~ e t ~ a t e  LhiS "bangmuch layer '  (16) only by d i f lus ion ,  The composition sji% t h  

s t ~ e ~ m ~ n g  by @e reeult of c o ~ ~ e c t i o ~ .  The composition a t  t he  inner  bound8 

t h e  Langmuir layer ,  i.e., a t  the  f i lament  - gae interfaoe, i s  determined by t h e  reac- 

t i o n  between t h e  gas and t h e  filament. 

The radiue of th0 Eangmufr. layer ,  r2, f o r  t h e  f i lament  radiue i n  B e x t ~ ~ ~ ~  

~ ~ e r i m e n t  ( r l  = Q.015 om) we8 estimated a t  0.25 om with  t h  a id  of  L a n ~ ~ ~ ~ ~  s data 
. .  

( 1 6 ) o  The processes in t he  Langmufr l a y e r  a re  complioated. e mus% be oont 

imate c ~ ~ c u l ~ t ~ o ~ ~  Per t inent  oondideratioas w e  a8 fablewee 

%he incaadeecen 
I .  

cature and t h e  

e ll 



oh proaesoee t ake  p lac  a f /  equatlione /13/-/15/e If on0 

en i n ~ ~ v ~ d ~ ~ l  d i f fue ion  ooefficiente and %% t h e m  

reac t ion8  are and p ~ p ~ d ~  t ~ ~ n  a c o n a e n ~ p a t ~ o ~  gradient  for t h e  .to&aI 

@an be defined without these  ehenioal psoc ese affeot iag t ~ ~ g s ~ e n  content  2 

oalcu la t ion  o f  the diffusion. That this ooncept a p p r o x ~ m a t ~ $  the zeal stat 

a f f a i r s  is eupported by B8x%en86 obse e t i o a  t h a t  iodine has no apprecliable e+ 

on t h e  reac t ion  o f  t h e  OO,/OO gae phase with tungsten (2730%) abfhough it is 

known that  iodine "at ~ a t e r ~ e d i a t ~  temperatures" r e a o t s  with WOx 

The Qungeten aonoentration 0% t h e  gas phase defined i n  the above sense Q2'2: g* 

&a no t  a f fea ted  by the addi t ion  of iodine,  

This iodine experim8nt is os tan t  also i n  

e a o h t h ~  aooler  zones, ~ u o ~ ~ a t ~ o n  and depoeition of oxide ~ l ~ s t ~ ~ ~  6833 

take placeo aleo does no% play  a 



etroxag ~ e m ~ ~ r ~ ~ u ~ $  depeandence of ths di f fus ion  ooe%$bofente $e described by the 

By averaging t aluee for gradually inaseas ing  t e m p e ~ ~ ~ u ~ e s  between W O O  and 

t h e  average value within %he Langmuir Payer was found %o b e  D zz 3e3 o2 aecf 

Thermal diffusion and the attendant e ~ r ~ a ~ e n t  hn heavy mleoubee a% lowe 

eraturee w i l l  not  be discussed here. 

T h e  following symbol6 are ueed in the oalaulatioa of the diffusionr 

a == diflueing moleoulee 

B = diffusion o o e f f i o i e a t ,  02 8eo-l 

I" = di f fus ion  path, am 

= radius 0% L 



sg 

W ;= 82, om 3 .atm dag 

fuses 'through B tndriornl. surface area 2$l, whe 
do n =  -D.?nr.l.t.-- 
dr 

Ca rl 
Assuming diffusion of  tungeten-aontaining mhculea away from the Pllement sad a 

~ ~ g a t ~ n ~ ~ ~ ~ e  external gas phase, then o2 = 0, and henaer 

Considering that a i  =: P1/RTIr the above relation oan be exprsseerd in terms of prae- 



- 20 - 
Howover, Bewtevr*.s meesuremen-bs gave a value  of  about l ,4  arg 'Pf/30 min (a% 275O* $1 

Thio means t h a t  the oaIBcubeted value ilo five %amerr rsnaaller %ban $ha experimental onbe 

Poes ib le  reasom for %hie ere 

- t h e  marked uncertaf ierj of  the, i n i t i a l  thernwdynamio d a t a  ; 

ations i n  t h e  sGfmalien of t h e  diffraeion i 

cas well as the extent  of t h e  experimental e r ror .  

rthy t h a t  Wied&ylcBs experfmental vs iues  a r e  lower thsn the o a l o u b  

ted ones, whereae the  opposite is t r u e  f o r  Bexten8e measurementse 

An indioat ion if eyetematic experimental e r r o r  i e  found i n  the  fac t  tha-t the 

sothermal tungsten vaporizat ion.  depends more s t rongly  op t he  GO2 content of the 

gee p b e e  than would be expeated on the basis  o f  the  equilibrium pre88ures1 

I% one take8 i n t o  aeoouun8 thee  .mamerous sources o f  error,,  t h e  agreement bet- 

ween aa lcu le t ion  and experiment may be considered as sa t i s fac tory .  

4, ooNouIsIoNs 

QVBB t h a t  ;6 t  is eaeonable 30 subjeot  t h e  react ion 0% gage f 

noande8aent t ungsten fi lament t o  thermodynambc t r e a t  



Dra RaJ,  Q a q b e k l  f o r  the use of tho mutauscript of %heir paper before g u b l i o e t i o n ;  

Univtsrbitq 0% Muenster 
>. 

, Received by the editor on Deaember 3, 1969. 

ddreaa of the author: Prof, Dr. He Sohaefer . 

Anorganasah-Chemisohee Ine t i tu t  der Univeraitaet Nueneter 

44 Mueneter fi Qieveabeckerweg 9 



(7) E&, Zubler and F,br Mosby, I l l umine t ion  Eng. g 754 (1959). 

( 9 )  J o M e  Bettingmei jer de Tilbaok and He 8 o h a e ~ e ~ ,  2, Anorg, Allgo Ohem, 

(10) E&* Zubler and F e A I  Nosby, U e S e  s l e n l  3,160,4$ (1964), 

(11) For t U e  communication, the author ale indebted t o  Philips, ~~~~~~~~~ 

(12) H* Schaefer, unpublished thermodynamic studies (l963), 

(15) Far nWO3,g = ("do3)n,g, t h e  assooiat ion energies for n = 2-4 are reported witb 

an uncertainty of2220130 koa13 of!. J. DrQWert and P. Goldfinger, Angowe Oherne 

(14) Jenaf Thermoohemiaal Tablse, The Dow Ohemical Qo,, Midbaad, M i c N p ~  (1961-63), 

(15) H e  Sobefar, "Ohemiecrhe TraneportreaktioneaM (Chemical Transpor-b Ree@%isn$, 



- A  <I 
. .  

13 a 
C 65 
n 65 

- E  610 

9 rd 

. 
' 80. . no transport 

at 2000-3050° 
I 2 800 <- 3 000' 
G 2600 -> 3000' 
1 T, -+ 9800" <- T, 

. I  ,2800 --t 3000' 



Fig, 2 - Reeotion of a Cod00 phase (rP = 1 atm) with a tungsten filamenti heated a% 

01 

\YO, K . ' 

lVOa,g<:-- 
w.o*,g 
~ ~ - 4 0  I#& 

co 
60. 

'\VI - _. 
\ V 0 1 , ~  , ._ 
>vo,,f 

2730a K, Data from 4 seta of measurements (4), 

4 - 3,178 - 2,671 
' -15,433 -12,388 - G.5BL - 4,540 

' .  
- 0,043 - 0,100 

, + 4.851 + 4,150 
+28.&48 '+23,728 
+37,671 $31,341 
+ 1,400 4 i ,im 
+10,363 . 4 0.411 

+ 0,284 + 4,001 

Abeaiesar vole$ o02 ; ordinate: amount of tungsten vaporized, mg/30 mfn. 

- ],$.I2 

- 3,352 - 0.201 + 3,303 + 3,905 
+18,318 
+23,817 
4 0,840 
4. 6,280 

- o,wa 

Table 2 

1,208 - 0,040 - 0.070 - 0.310 

- 2,420 - 1,007 - 1.402 - 0.885 - 0,100 - 0,020 + 0.038 + 0.118 , 
$: 2,030 + 2,201 + 1,031 + 1,503 
+14.072 +11,710 4 0.054 + 7.003 
+18,025 $14,717 +11,0a7 + 8,188 +. 8,603 
C 7,388 

- 8,030 - 0,074 - 0,043 - 4,848 

+ 2,182 + 1,620 t+ 0.05) (+ 0,20) 

Y f 

i' TABLE 2 



TABLE 3 
Equilibrium constants (pressures in atm) 

i P(W1) is  the saturation pressures over solid tungsten, The number following e slash 
, i s  the exponent over base 10. For example, 4.786-7 means also 4.786 x 10' 9 

i 

Fsd 2 
. .  
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1 ,i lo-' 
1.0 * 10-8 
8,s *lo-* 
3,n * 10-8 
5.2.10-e 
8,O 10-8 

1 1,9.10-* . 

' Fig. 5 - Pqhilibrium pressure8 mer tungeten oaloulaterd for  3000: M e  

3.3 * lo-' 
3,: 10-8 
!2,2 * 10-1 
0.0 * 104 
1,o * 10-8 
1.6. lo-' 
3.6 * IO;@ 

Figb 6 *. Equilibrium pressure8 oobrufuhgitearoaloulsted for 3 p 0  L 

2000 

"00 
2 800 

3 200 

5200. 

, 3000 

. am 

3.2. lo-' ' 

2,s - 10-8 
7,s * lo-' 
0.8 * lo-' 
1,1.10-' 
2,3 6 10-8 

' 1.0.10-8 

3.3 io-' 
. 3,3 .lo" 

2.0 * 10;' 
5.1 * 10-E 
1,49.10-~ 
1.5 .lo-& 
2.9 .lo-' 



1Q4 and IOe3 atm. The le t ter8  BICloD,E, indicate th5 experfmsnte of  Uampbell (2). 

The dirclotioa of the  tungsten transgorlt obeerved ie indicated by an arrow, 

. .  , r . .  



TABLE 5 
W309 pressures over W p WOz, f 
Kf are the formation cckstants of the compounds (14) 
_I---.. 

‘r “IC 

1.100 
1 so0 
1 GOO 
1 io0  

. 

D 

s 
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